5-Oxo-ETE (5-oxo-6,8,11,14-eicosatetraenoic acid) is a highly potent granulocyte chemoattractant that acts through a selective G-protein coupled receptor. It is formed by oxidation of the 5-lipoxygenase product 5-HETE (5S-hydroxy-6,8,11,14-eicosatetraenoic acid) by 5-hydroxyeicosanoid dehydrogenase (5-HEDH). Although leukocytes and platelets display high microsomal 5-HEDH activity, unstimulated intact cells do not convert 5-HETE to appreciable amounts of 5-oxo-ETE. To attempt to resolve this dilemma we explored the possibility that 5-oxo-ETE synthesis could be enhanced by oxidative stress. We found that hydrogen peroxide and t-butyl hydroperoxide strongly stimulate 5-oxo-ETE formation by U937 monocytic cells. This was dependent on the GSH redox cycle, as it was blocked by depletion of GSH or inhibition of glutathione reductase and mimicked by oxidation of GSH to GSSG by diamide. Glucose inhibited the response to H 2 O 2 through its metabolism by the pentose phosphate pathway, as its effect was reversed by the glucose-6-phosphate dehydrogenase inhibitor dehydroepiandrosterone. 5-Oxo-ETE synthesis was also strongly stimulated by hydroperoxides in blood monocytes, lymphocytes, and platelets, but not neutrophils. Unlike monocytic cells, lymphocytes and platelets were resistant to the inhibitory effects of glucose. 5-Oxo-ETE synthesis following incubation of peripheral blood mononuclear cells with arachidonic acid and calcium ionophore was also strongly enhanced by t-butyl hydroperoxide. Oxidative stress could act by depleting NADPH, resulting in the formation NADP ؉ , the cofactor for 5-HEDH. This is opposed by the pentose phosphate pathway, which converts NADP ؉ back to NADPH. Oxidative stress could be an important mechanism for stimulating 5-oxo-ETE production in inflammation, promoting further infiltration of granulocytes into inflammatory sites.
The abbreviations used are: LT, leukotriene; BCNU, 1,2-bis[2-chloroethyl]-1-nitrosourea (carmustine); BSO, buthionine sulfoximine; DHEA, dehydroepiandrosterone; Me 2 SO, dimethyl sulfoxide; 5-HETE, 5S-hydroxy-6,8,11,14-eicosatetraenoic acid; 13-HODE, 13S-hydroxy-9Z,11E-octadecadienoic acid; 13-HpODE, 13S-hydroperoxy-9Z,11E-octadecadienoic acid; 5-HEDH, 5-hydroxyeicosanoid dehydrogenase; NEM, N-ethylmaleimide; 5-oxo-ETE, 5-oxo-6,8,11,14-eicosatetraenoic acid; PMA, phorbol 12-myristate 13-acetate; PMS, phenazine methosulfate; RP-HPLC, reversed-phase high performance liquid chromatography; tBuOOH, tert-butyl hydroperoxide; PBS, phosphate-buffered saline; PBMC, peripheral blood mononuclear cells.
ulation of the respiratory burst, which would increase the levels of NADP ϩ in the cytosol (20) . This raised the possibility that other factors that affect the NADP ϩ levels in cells could also regulate 5-oxo-ETE synthesis. Reactive oxygen species, such as superoxide and H 2 O 2 , are formed at inflammatory sites and in pathological states associated with leukocyte infiltration (21, 22) . H 2 O 2 , which is formed from superoxide by superoxide dismutase, can cause cellular damage and oxidize protein thiol groups, thereby affecting the activities of various intracellular signaling molecules (23) . It can also affect the cellular redox status, as a major pathway for its inactivation is its GSH-dependent reduction to H 2 O by glutathione peroxidase (19) . This results in the formation of GSSG, which is recycled to GSH by glutathione reductase, which concomitantly oxidizes NADPH to NADP ϩ . The latter is in turn reduced back to NADPH by the pentose phosphate pathway (PPP), which uses glucose 6-phosphate as its initial substrate, and is a major defense mechanism against oxidative stress.
It seemed possible that the impact of oxidative stress on NADP ϩ levels could be sufficient to enhance 5-oxo-ETE synthesis. Although our preliminary experiments with neutrophils did not appear to support this hypothesis, further studies using U-937 monocytic cells indicated that in these cells oxidative stress is indeed a very strong stimulus for 5-oxo-ETE formation. This also proved to be true for blood monocytes, lymphocytes, and platelets, with neutrophils being the only exception. The effects of oxidative stress and the respiratory burst on 5-oxo-ETE synthesis could potentially be opposed by the PPP, depending on its ability to reduce NADP ϩ compared with the rate of formation of NADP ϩ by glutathione reductase or NADPH oxidase. This proved to be the case for U-937 cells, neutrophils, and monocytes, but not for lymphocytes and platelets.
EXPERIMENTAL PROCEDURES
Materials-5-HETE was prepared by total organic synthesis (24) . 13S-Hydroxy-9Z,11E-octadecadienoic acid (13-HODE) and 13S-hydroperoxy-9Z,11E-octadecadienoic acid were prepared by oxidation of linoleic acid with soybean lipoxygenase Type 1B (Sigma) (25) . 5S-HpETE was purchased from Cayman Chemical, Ann Arbor, MI. Phorbol 12-myristate 13-acetate (PMA), phenazine methosulfate (PMS), dehydroepiandrosterone (DHEA), 3-amino-1,2,4-triazole, N-ethylmaleimide (NEM), tert-butyl hydroperoxide (tBuOOH), H 2 O 2 , 1,2-bis[2-chloroethyl]-1-nitrosourea (BCNU; carmustine), buthionine sulfoximine (BSO), dimethyl sulfoxide (Me 2 SO), and diamide were purchased from Sigma. Auranofin was obtained from ALEXIS Corporation (Lausen, Switzerland). Sodium azide and glucose were purchased from Fisher Scientific. RPMI 1640 and other products for cell culture were purchased from Invitrogen.
U937 Cells-U937 cells, obtained from ATCC (Manassas, VA), were cultured in 10% fetal bovine serum in modified RPMI 1640 medium containing L-glutamine (2 mM), sodium bicarbonate (1.5 g/liter), glucose (4.5 g/liter), HEPES (25 mM), and sodium pyruvate (1.0 mM). Cells were maintained at a density of 0.1-1.5 ϫ 10 6 cells/ml. Preparation of Blood Cells-Neutrophils were prepared by treatment of whole blood with Dextran T-500 (Amersham Biosciences) for 45 min, followed by centrifugation over Ficoll-Paque (Amersham Biosciences) and hypotonic lysis of any remaining red blood cells in the pellet (13) . The neutrophils were suspended in phosphate-buffered saline (PBS Ϫ , 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , and 8.1 mM Na 2 HPO 4 , pH 7.4).
Human monocytes were prepared as described in the literature (26) with some modifications. Peripheral blood mononuclear cells (PBMC), present at the interface after centrifugation of leukocytes over FicollPaque as described above, were washed by centrifugation and resuspended in ice-cold RPMI 1640 (4°C). The washed cells (2 ϫ 10 7 cells in 10 ml per dish) were then added to Corning tissue culture dishes (Fisher, Nepean, Ontario, Canada) that had been pretreated with 1.5 ml of autologous plasma for 20 min at 37°C. After incubation for 30 min at 37°C the loosely adherent lymphocytes were removed with gentle streams of the culture medium from a 10-ml pipette. The lymphocytes were aspirated and the wash-aspiration procedure was repeated twice more with RPMI at 37°C and then with PBS Ϫ at 4°C. The monocyteenriched adherent cells were detached from the plastic by incubation for 30 min with ice-cold 2 mM EDTA in PBS Ϫ in the cold room, followed by removal with a rubber policeman.
For preparation of platelets, whole blood (20 ml) was collected in medium (2.8 ml) containing citric acid (15.5 mM), sodium citrate (90 mM), NaH 2 PO 4 (16 mM), dextrose (161 mM), and adenine (2 mM) (16) . After centrifugation at 200 ϫ g for 15 min, the supernatant was diluted with an equal volume of medium containing 94 mM citrate and 140 mM dextrose, pH 6.5. After centrifugation at 1000 ϫ g for 10 min, the pellet was suspended in PBS Ϫ to give a platelet concentration of 3 ϫ 10 8 cells/ml.
Preparation of Microsomal
Fractions from U937 Cells-Cells were washed by centrifugation, resuspended in 20 ml of PBS Ϫ supplemented with 1 mM phenylmethylsulfonyl fluoride, and disrupted by sonication at a setting of 40 cycles/s (model 4710 ultrasonic homogenizer, Sonics and Materials, Newtown, CT) on ice for 5 ϫ 6 s with 30-s intervals for cooling. The disruptate was successively centrifuged at 4°C at 1,500 ϫ g for 10 min, 10,000 ϫ g for 10 min, and 150,000 ϫ g for 80 min and the final pellet resuspended in PBS Ϫ . Protein was measured with the Bio-Rad DC (detergent compatible) protein assay kit and adjusted to a concentration of 150 g/ml.
Incubation Conditions-Unless otherwise indicated, incubations were performed in PBS Ϫ supplemented with calcium (1.8 mM) and magnesium (1 mM) (PBS ϩ ) in the absence of glucose. Suspensions (1 ml) of U937 cells, lymphocytes, monocytes, neutrophils (2 ϫ 10 6 cells/ml), platelets (10 8 cells/ml), or U937 cell microsomes (150 g of protein/ml) were incubated with 5-HETE (1 M) for 5 min unless otherwise indicated. Cells or microsomes were preincubated with various substances, none of which affected 5-HEDH activity directly, as indicated in Table I .
Analysis of Eicosanoids by Precolumn Extraction/Reversed-phase (RP)-HPLC-All incubations
were terminated by addition of methanol (0.65 ml) and cooling to 0°C. The concentration of methanol in each sample was adjusted to 30% by addition of water and either 13-HODE (120 ng) or prostaglandin B 2 (130 ng) were added as internal standards. Eicosanoids were analyzed by precolumn extraction/RP-HPLC (27) using a Waters Millenium system (Waters Associates, Milford, MA). Products were quantitated by comparing the areas of their peaks of UV absorbance at their max with that of the internal standard. The extinction coefficients used were: 5-HETE (235 nm; 27,000), 5-oxo-ETE (280 nm, 20,500), 5-oxo-20-HETE (280 nm, 20,5000), LTB 4 (270 nm, 39,500), prostaglandin B 2 (280 nm, 28,680), and 13-HODE (235 nm, 23,000). The identities of the products measured were confirmed by examination of their complete UV spectra.
Data Analysis-The results are presented as mean Ϯ S.E. Statistical significance was assessed using one-way repeated measures analysis of variance followed by the Bonferroni test. A p value of less than 0.05 was considered significant. "n" refers to the number of separate experiments performed. In the case of blood cells, a different donor was used for each experiment.
RESULTS

Oxidant Stress Enhances the Synthesis of 5-Oxo-ETE-As
U937 cells possess high 5-HEDH activity, they were used as a model to investigate the effects of oxidative stress induced by H 2 O 2 on 5-oxo-ETE synthesis. Following incubation of these cells with 5-HETE (1 M) in the presence or absence of H 2 O 2 (100 M), the amounts of 5-oxo-ETE were measured by HPLC using 13-HODE as an internal standard. In the absence of H 2 O 2 very little 5-oxo-ETE was detected (Fig. 1A, left side) , whereas in its presence, a large amount was formed (Fig. 1A , right side). There was no evidence for the formation of -oxidation products of either 5-HETE or 5-oxo-ETE by these cells.
The time courses for the effects of H 2 O 2 (100 M) and tBuOOH (100 M) on 5-oxo-ETE formation are shown in Fig.  1B . Both hydroperoxides strongly stimulated 5-oxo-ETE synthesis to a similar extent over the first 5 min. However, the amount of 5-oxo-ETE formed in the presence of H 2 O 2 subsequently declined, whereas it continued to increase in the presence of tBuOOH to reach maximal levels between 10 and 15 min. To determine whether the transient effect of H 2 O 2 could be because of its metabolism, incubations were performed in the presence of sodium azide, which inhibits both catalase and myeloperoxidase (28) , two key enzymes involved in H 2 O 2 metabolism. Azide did not significantly alter the response to H 2 O 2 over the first 5 min, but thereafter strongly enhanced its effect on 5-oxo-ETE synthesis (Fig. 1B) . Because of the short-lived effect of H 2 O 2 , all subsequent incubations with 5-HETE were performed for a period of 5 min. No detectable oxidation of 5-HETE occurred when it was incubated with H 2 O 2 or tBuOOH in the absence of cells (data not shown).
The effects of various concentrations of different hydroperoxides on 5-oxo-ETE formation by U937 cells are shown in Fig.  1C . tBuOOH (EC 50 , 3.5 Ϯ 0.9 M) is the most potent stimulator of 5-oxo-ETE formation, followed by H 2 O 2 (EC 50 , 12.1 Ϯ 2.6 M). Both hydroperoxides elicited an ϳ7.5-fold increase in 5-oxo-ETE synthesis when compared with controls. The linoleic acid metabolite 13-HpODE also stimulated 5-oxo-ETE formation, but was somewhat less potent. Because of the limited availability of this substance we were unable to determine the maximal response. In contrast to hydroperoxides, PMA, which is a potent stimulator of 5-oxo-ETE formation by neutrophils (20) , had no detectable effect on its formation by U937 cells (Fig. 1C) .
The Glutathione Redox Cycle Mediates the Effect of Oxidant Stress on 5-Oxo-ETE Formation-An important means of cellular inactivation of hydroperoxides is their GSH-dependent reduction by glutathione peroxidase, followed by the reduction of the resulting GSSG back to GSH by glutathione reductase, which is accompanied by the formation of NADP ϩ . To determine whether the stimulatory effect of hydroperoxides on 5-oxo-ETE formation could be mediated by the glutathione redox cycle, we tested the effects of various reagents that affect this cycle.
The glutathione reductase inhibitor BCNU (carmustine) (29) completely blocked the stimulatory effect of H 2 O 2 on 5-oxo-ETE formation ( Fig. 2A) and had a similar effect on the response to tBuOOH (data not shown). For comparison, baseline conversion of 5-HETE to 5-oxo-ETE (ϮS.E.) in the absence of H 2 O 2 or inhibitors is shown by the horizontal lines in Fig. 2A . The effect of BCNU (30 M) on the concentration-response to H 2 O 2 is shown in Fig. 2B . In contrast to its strong inhibitory effect on H 2 O 2 -induced 5-oxo-ETE formation, BCNU had little effect on the response to PMS (Fig. 2B, inset) , which acts by a different mechanism by non-enzymatically converting intracellular NADPH to NADP ϩ (30). Nor did it affect the synthesis of 5-oxo-ETE by microsomal fractions from U937 cells (Table I) . BCNU also inhibits thioredoxin reductase (29) , which could also potentially explain its inhibitory effect on the response to H 2 O 2 . To determine whether thioredoxin redox cycling is involved in this response we investigated the effects of the thioredoxin reductase inhibitor auranofin on H 2 O 2 -induced 5-oxo-ETE formation. Auranofin, which is a very potent inhibitor of this enzyme (IC 50 , 4 nM) (31), had no effect on the formation of 5-oxo-ETE in response to H 2 O 2 at concentrations as high as 10 M (Table II) . This inhibitor was also without effect on PMSinduced 5-oxo-ETE formation.
To provide further evidence for the role of GSH in the response to H 2 O 2 we used two approaches to deplete cellular GSH. NEM, which is a very efficient alkylator of SH groups, thus preventing the formation of GSSG, completely suppressed H 2 O 2 -induced 5-oxo-ETE synthesis to levels below baseline ( Fig. 2A) . Like BCNU, NEM did not have a direct effect on 5-HEDH (Table I) . The response to H 2 O 2 was also inhibited by about 50% following culture of U937 cells for 24 h in the presence of BSO (Fig. 2C) , which depletes cells of GSH by inhibiting ␥-glutamylcysteine synthetase (32) . In contrast, BSO had no effect on the stimulatory effect of PMS on 5-oxo-ETE formation.
We also examined the effects of diamide, which acts by non-enzymatically oxidizing intracellular GSH to GSSH (33) (Fig. 2D ). Diamide (EC 50 , 15.5 Ϯ 2.5 M) strongly stimulated the formation of 5-oxo-ETE to an extent similar to that observed with H 2 O 2 . The time course for 5-oxo-ETE synthesis in the presence of diamide, shown in the inset to Fig. 2D , is very similar to that observed with tBuOOH ( Fig. 1B) , except that the response appears to be somewhat more sustained. In contrast, diamide had no effect on the conversion of 5-HETE to 5-oxo-ETE by U937 cell microsomes (Table I) .
Activation of the Pentose Phosphate Pathway Inhibits 5-Oxo-ETE Formation-The PPP is the major mechanism whereby cells maintain a high ratio of NADPH to NADP ϩ . To determine whether this pathway could affect the formation of 5-oxo-ETE, we investigated the effects of glucose, which is metabolized by the PPP following its phosphorylation to glucose 6-phosphate, and galactose, which is not a substrate for this pathway. Glucose (IC 50 , 0.42 Ϯ 0.08 mM) strongly inhibited the formation of 5-oxo-ETE in the presence of H 2 O 2 , whereas galactose had no effect (Fig. 3A) . To further substantiate that the inhibitory effect of glucose is mediated by its metabolism by the PPP, we examined the effect of DHEA, which is an inhibitor of glucose-6-phosphate dehydrogenase, the initial enzyme in this pathway (34) . The inhibitory effect of 5.6 mM glucose on H 2 O 2 -induced 5-oxo-ETE formation was almost completely reversed by DHEA (EC 50 , 68 Ϯ 16 M) (Fig. 3B) . In contrast, DHEA had no effect on H 2 O 2 -induced 5-oxo-ETE synthesis by U937 cells in glucosefree medium (Fig. 3B ) and did not affect oxidation of 5-HETE in the presence of microsomal fractions from these cells ( Table I) .
Effects of Oxidative Stress on 5-Oxo-ETE Synthesis by Peripheral Leukocytes-To determine whether 5-oxo-ETE synthesis by peripheral leukocytes can also be regulated by oxidative stress, we investigated the effects of increasing concentrations of H 2 O 2 on its formation by lymphocytes, monocytes, and neutrophils under conditions similar to those employed with U937 cells. Although baseline synthesis of 5-oxo-ETE by all three types of cells was similar (ϳ15 pmol/ml; Fig. 4 (Fig. 4) . Moreover, the dose-response curves for the effect of H 2 O 2 on neutrophils from individual donors were rather variable (EC 50 , 201 Ϯ 90 M). To determine whether the relative unresponsiveness of these cells to H 2 O 2 was because of its rapid metabolism by catalase or myeloperoxidase, incubations were performed in the presence of either 3-amino-1,2,4-triazole (5 mM), which inhibits catalase, or azide (1 mM), which inhibits both enzymes. However, neither of these agents, either alone or in combination, significantly affected the response of neutrophils to H 2 O 2 (data not shown). Because they possess high levels of the NADPH-dependent enzyme LTB 4 20-hydroxylase, neutrophils also convert 5-HETE to 5,20-diHETE (35) , and this was the major product under the conditions of our assays, amounting to ϳ70 pmol/ml (Fig. 4) . However, the formation of this substance was not affected by H 2 O 2 . Nor was the amount of 5,20-diHETE formed sufficient to deplete the substrate because under the conditions we used (low cell concentration and short incubation time) only a relatively small proportion (Յ15%) of the 5-HETE was metabolized. We previously showed that 5,20-diHETE could be further metabolized by neutrophils (after a lag period) to 5-oxo-20-HETE (20) , but little or none of this product was detected in the present study because of the relatively short 5-min incubation time employed.
Cell Specific Regulation of 5-Oxo-ETE Formation by Blood Cells-We previously showed that PMA strongly stimulates the formation of 5-oxo-ETE by neutrophils by activating NADPH oxidase (20) and the present study indicates that both oxidative stress and the PPP also strongly affect the biosynthesis of this substance. To investigate the abilities of oxidative stress, NADPH oxidase, and the PPP to regulate 5-oxo-ETE synthesis by blood cells, 5-HETE (1 M) was incubated with neutrophils ( Fig. 5A), monocytes (Fig. 5B), lymphocytes (Fig.  5C ), and platelets (Fig. 5D ) for 5 min in the presence of H 2 O 2 (100 M), tBuOOH (100 M), or PMA (100 nM) with or without 5.6 mM glucose. For comparison, data for U937 cells obtained under identical conditions is also shown (Fig. 5E) . To estimate the maximal capacities of these cells to produce 5-oxo-ETE, incubations were also performed in the presence of 1 mM PMS, which, in all cases, induced a strong response. H 2 O 2 and tBuOOH strongly stimulated 5-oxo-ETE formation by monocytes, lymphocytes, and platelets, but had only a very modest effect on neutrophils as noted above. Diamide had effects on 5-oxo-ETE synthesis very similar to H 2 O 2 in all of the cell types investigated.
In contrast to H 2 O 2 , PMA (100 nM) strongly stimulated 5-oxo-ETE formation by neutrophils and monocytes, but did not affect its formation by either lymphocytes or platelets. In neutrophils, PMA inhibited the formation of 5,20-diHETE by 60% (p Ͻ 0.005), so that in its presence, 5-oxo-ETE was the major 5-HETE metabolite detected (data not shown), in agreement with our previous findings (20) .
The response to glucose also varied substantially among different cell types. Glucose inhibited both H 2 O 2 -and PMAstimulated 5-oxo-ETE formation by neutrophils and monocytes, although not to the extent observed with U937 cells. In contrast, glucose had no effect on H 2 O 2 -elicited 5-oxo-ETE synthesis by either lymphocytes or platelets. Neither did glucose affect the -oxidation of 5-HETE in neutrophils (data not shown). (13) as well as by dehydration of 5-HpETE by a heat-stable cytosolic factor in mouse macrophages (17) . We examined the effect of H 2 O 2 on the formation of 5-oxo-ETE by PBMC from both of these substrates. In the absence of H 2 O 2 , about four times as much 5-oxo-ETE was formed from 5-HpETE than from 5-HETE following incubation for 5 min at 37°C (Fig. 6A) . H 2 O 2 markedly stimulated the formation of 5-oxo-ETE from both substrates, resulting in the formation of approximately equal amounts after 5 min. In contrast, 13-HpODE was only converted to relatively small amounts of 13-oxo-ODE, and although this increased in the presence of H 2 O 2 , it was oxidized to a much lesser extent than 5-HpETE. In the above experiments, triphenylphosphine was added at the end of the incubation to reduce any remaining hydroperoxy fatty acid and thereby block any further formation of the corresponding oxo fatty acid. To determine the extent to which 5-HpETE was reduced to 5-HETE during the incubation, triphenylphosphine was omitted and the products were analyzed by HPLC. 
TABLE II Effects of inhibition of thioredoxin reductase on 5-oxo-ETE
formation by U937 cells U937 cells (2 ϫ 10 6 cell/ml) were preincubated with auranofin for 30 min at 37°C followed by incubated for a further 5 min with 5-HETE (1 M) and H 2 O 2 (100 M). The products were analyzed by precolumn extraction/HPLC as described under "Experimental Procedures." The results are mean Ϯ S.E. (n ϭ 3). In control incubations with vehicle, nearly all of the 5-HpETE was converted to 5-HETE (Fig. 6B) . However, in the presence of H 2 O 2 , 5-HETE formation was reduced by nearly 40% and the amounts of 5-oxo-ETE and unreacted 5-HpETE were greater.
Effects of Oxidative Stress on the Formation of 5-Lipoxygenase
Products by PBMC-The experiments described above were performed using either 5-HETE or 5-HpETE as the substrate. To determine whether oxidative stress could also stimulate the formation of 5-oxo-ETE when the substrate is provided by 5-lipoxygenase rather than being added directly, we investigated the effects of tBuOOH on the formation of 5-lipoxygenase products by PBMC stimulated with A23187 (5 M) in the presence of arachidonic acid (20 M) . Under these conditions the formation of 5-lipoxygenase products is dependent on the synthesis of 5-HETE and LTA 4 by monocytes, and their conversion to 5-oxo-ETE and LTB 4 by both monocytes and lymphocytes. The major 5-lipoxygenase product formed after stimulation of PBMC with A23187 and arachidonic acid was 5-HETE (Fig. 7) . However, tBuOOH (100 M) stimulated the formation of 5-oxo-ETE by about 3-fold (p Ͻ 0.01), and reduced the amount of 5-HETE detected (p Ͻ 0.05). In contrast, tBuOOH had little effect on the formation of LTB 4 by PBMC. DISCUSSION U937 cells served as an excellent model to investigate the effects of oxidative stress on the formation of 5-oxo-ETE. These cells contain levels of 5-HEDH comparable with circulating neutrophils and monocytes, but do not convert either 5-oxo-ETE or 5-HETE to -oxidation products, as do neutrophils. Furthermore, they lack both 5-lipoxygenase activity (36) and the NADPH oxidase system (37), which, if present, could complicate the interpretation of the data.
Both H 2 O 2 and tBuOOH strongly stimulated 5-oxo-ETE formation by U937 cells, with EC 50 values in the low micromolar range. tBuOOH was over 3 times more potent than H 2 O 2 and had a longer lasting effect, probably because of its resistance to metabolism. In contrast, the response to H 2 O 2 declined after 5 min, presumably because of metabolism by catalase (38) and/or myeloperoxidase (39) , both of which are present in U937 cells, as its effect was prolonged considerably by the addition of azide, which inhibits both of these enzymes. To determine whether fatty acid hydroperoxides have similar effects, we used 13-HpODE, the 13-hydroperoxy metabolite of linoleic acid, as a representative compound. Although it increased 5-oxo-ETE formation substantially, it was clearly not as potent as H 2 O 2 , suggesting that such compounds may be of less importance than H 2 O 2 in regulating 5-oxo-ETE synthesis. However, we cannot rule out the possibility that hydroperoxy metabolites of arachidonic acid, such as 12-HPETE or 5-HpETE, may be more potent than 13-HpODE.
Reactive oxygen species such as H 2 O 2 can affect a variety of cellular processes that could potentially affect the synthesis of 5-oxo-ETE. H 2 O 2 can act as a second messenger by oxidizing critical SH groups of certain proteins to sulfenic acid (-SOH) residues, resulting in altered activity. H 2 O 2 inactivates lymphocyte protein tyrosine phosphatases in this manner, resulting in increased levels of activated intracellular signaling molecules (40) . H 2 O 2 can also be converted to highly reactive hydroxyl radicals by the Fenton reaction or to hypochlorous acid by myeloperoxidase, both of which have toxic effects. In addition, hydroperoxides can stimulate lipid peroxidation, which could potentially result in the non-enzymatic formation of 5-oxo-ETE. In this context, incubation of red cell ghosts with a very high concentration (10 mM) of tBuOOH for 90 min induced the formation of substantial amounts of 5-oxo-ETE esterified to phospholipids (14) . However, such a mechanism would not explain the rapid conversion of 5-HETE to 5-oxo-ETE that we observed. Moreover, 5-HETE was not oxidized to 5-oxo-ETE when incubated with H 2 O 2 or tBuOOH in the absence of cells (data not shown).
H 2 O 2 also affects cellular redox status. Cells protect themselves from oxidative stress by maintaining a highly reducing environment. Hydroperoxides, including H 2 O 2 , are rapidly reduced by glutathione peroxidase, resulting in the concomitant oxidation of GSH to GSSG (Fig. 8A) . The GSSG is then reduced back to GSH by glutathione reductase, resulting in the formation of NADP ϩ , the cofactor required by 5-HEDH. Alternatively, H 2 O 2 can be reduced by peroxiredoxin and thioredoxin in the following sequence (41): H 2 O 2 3 peroxiredoxin 3 thioredoxin 3 thioredoxin reductase 3 NADP ϩ . As it leads to the generation of NADP ϩ , this process could also explain the stimulatory effect of H 2 O 2 on 5-oxo-ETE formation. The strong inhibitory effect of BCNU, which blocks both glutathione reductase and thioredoxin reductase, suggests the involvement of at least one of these pathways. This is supported by the inhibitory effect of NEM, which non-selectively alkylates thiol groups, thereby also blocking both pathways. In contrast to BCNU, the potent thioredoxin reductase inhibitor auranofin had no effect on 5-oxo-ETE synthesis in response to H 2 O 2 at concentrations well above those reported (31) to maximally inhibit this enzyme. This suggests that the effect of H 2 O 2 is mediated by the GSH rather than the thioredoxin redox cycle. This is further supported by the finding that depletion of GSH by the ␥-glutamylcysteine synthetase inhibitor BSO (42) significantly reduces the response to H 2 O 2 .
The capacity of cells to reduce hydroperoxides via the GSH redox cycle depends on the availability of NADPH, which is normally maintained at very high levels relative to NADP ϩ by the PPP (19) . For every molecule of glucose 6-phosphate that enters this pathway, two molecules of NADP ϩ are reduced to NADPH (Fig. 8A) . The increase in NADP ϩ levels expected following exposure of cells to oxidative stress would thus be tempered by its rapid reduction to NADPH by the PPP. The cytosolic concentration of NADP ϩ would depend on the relative activities of these two pathways. In the case of U937 cells, activation of the PPP by addition of the substrate glucose strongly inhibits the effect of H 2 O 2 on 5-oxo-ETE synthesis, presumably because of enhanced reduction of the NADP ϩ generated by glutathione reductase. This inhibitory effect was not shared by galactose, which is not a substrate for the PPP. Furthermore, the effect of glucose could be completely blocked by DHEA, which prevents its metabolism by the PPP by inhibiting the key enzyme glucose-6-phosphate dehydrogenase (34) (Fig. 3B) .
Although our initial studies were performed using U-937 cells as a model, our ultimate goal was to examine the regulation of 5-oxo-ETE formation by peripheral blood cells. The effects of oxidative stress on monocytes, lymphocytes, and figure) has the opposite effect because of reduction of NADP ϩ to NADPH. Cellular glutathione peroxidase (G-px) reduces hydroperoxides, formed during oxidative stress, with the concomitant oxidation of GSH to the disulfide, which is then reduced by glutathione reductase (G-red), generating NADP ϩ . This process can be blocked by the G-red inhibitor BCNU or by conjugation or depletion of GSH with NEM or BSO, respectively. Alternatively, the dependence on glutathione peroxidase can be bypassed by diamide (DA), which non-enzymatically oxidizes intracellular GSH to GSSG. In cells containing NADPH oxidase (NOX) the respiratory burst can be stimulated by PMA, resulting in the reduction of oxygen to superoxide accompanied by the formation of NADP ϩ . The PPP forms two molecules of NADPH for each molecule of glucose 6-phosphate (G6P) that enters into the cycle. Glucose 6-phosphate is first oxidized by glucose-6-phosphate dehydrogenase (G6P-dh) to 6-phosphogluconate (6P-g'nate), which in turn is oxidized to 3-oxo-6-phosphogluconate (3o-6P-g'nate) by 6-phosphogluconate dehydrogenase (6PG-dh). This process can be blocked by the glucose 6-phosphate dehydrogenase inhibitor DHEA. These regulatory mechanisms can all be bypassed by PMS, which non-enzymatically oxidizes intracellular NADPH to NADP ϩ . B, principal regulatory pathways for 5-oxo-ETE synthesis in U937 cells, neutrophils (Neutr), monocytes (Mono), lymphocytes (Lymph), and platelets.
platelets were very similar to those observed using U-937 cells, with H 2 O 2 , tBuOOH, and diamide all dramatically increasing 5-oxo-ETE synthesis (Fig. 5) . The only exception was neutrophils, in which 5-oxo-ETE formation was not increased significantly by peroxides or by diamide.
H 2 O 2 stimulated the formation of 5-oxo-ETE from both 5-HETE and 5-HpETE by PBMC (Fig. 6A) . Whereas oxidation of 5-HETE would appear to be solely because of the action of 5-HEDH (13), oxidation of 5-HpETE to 5-oxo-ETE could occur by two distinct mechanisms. 5-HpETE could initially undergo peroxidase-induced reduction to 5-HETE, followed by oxidation to 5-oxo-ETE by 5-HEDH. Alternatively, it could undergo direct dehydration to 5-oxo-ETE, as reported by Zarini and Murphy (17) to occur in murine macrophages. It is difficult to clearly distinguish between these two pathways because of the very rapid peroxidase-induced conversion of 5-HpETE to 5-HETE, which in the case of PBMC was nearly complete by 5 min (Fig.  6B) . Although H 2 O 2 reduced the amount of 5-HETE, it was still by far the major product detected following incubation of 5-HpETE with PBMC. The reduced 5-HETE formation in the presence of H 2 O 2 is probably because of (i) NADP ϩ -enhanced conversion of 5-HETE to 5-oxo-ETE by 5-HEDH and (ii) competitive inhibition of 5-HpETE metabolism by glutathione peroxidases. H 2 O 2 could also prolong the lifetime of 13-HpODE in this way, thereby promoting its direct conversion to 13-oxo-ODE.
Hydroperoxy fatty acids are known to decompose to their oxo derivatives in the presence of heme proteins (18) , but it is unlikely that this process would exhibit a high degree of substrate selectivity. To evaluate the direct conversion of hydroperoxy fatty acids to oxo fatty acids we therefore incubated 13-HpODE with PBMC, as 13-HODE, unlike 5-HETE, is not a substrate for 5-HEDH (13) . The fact that conversion of 13-HpODE to its oxo derivative proceeds at a much slower rate than the corresponding reaction with 5-HpETE would suggest that 5-oxo-ETE is formed from 5-HpETE by human PBMC primarily through the action of 5-HEDH. However, the direct dehydration of 5-HpETE could also make a smaller contribution to the formation of 5-oxo-ETE. Thus human PBMC appears to be similar to human neutrophils, which have also been reported to generate 5-oxo-ETE principally through 5-HEDH, in contrast to murine macrophages, which do not contain this enzyme (17) . It is interesting that in the absence of H 2 O 2 , 5-oxo-ETE is formed more efficiently from 5-HpETE than from 5-HETE (Fig. 6A ). This may be because of a stimulatory effect of 5-HpETE on the 5-HEDH-catalyzed oxidation of 5-HETE by PBMC. Lymphocytes, the main component of PBMC, are very sensitive to the effects of hydroperoxides, as concentrations of H 2 O 2 as low as 1 M dramatically increase 5-oxo-ETE formation (Fig. 4) . This is supported by the results of preliminary experiments that showed that 13-HpODE (1 M) stimulates the conversion of 5-HETE to 5-oxo-ETE by PBMC by nearly 3-fold (data not shown).
Most of the above studies were performed using exogenous 5-HETE as the substrate. We wanted to determine whether oxidative stress could also promote the production of 5-oxo-ETE from 5-HETE provided by the metabolism of arachidonic acid by 5-lipoxygenase. As shown in Fig. 7 , tBuOOH stimulated 5-oxo-ETE formation by PBMC following incubation with arachidonic acid and the calcium ionophore A23187, increasing the ratio of 5-oxo-ETE to 5-HETE from 0.17 to 1.2. This demonstrates that oxidative stress can stimulate 5-oxo-ETE formation not only from exogenous 5-HETE, but also from 5-HETE generated by 5-lipoxygenase. The effect of tBuOOH was specific for 5-oxo-ETE, as it had no effect on the formation of the related 5-lipoxygenase product LTB 4 .
We previously showed that initiation of the respiratory burst in neutrophils with PMA or opsonized zymosan strongly stimulates 5-oxo-ETE synthesis (20) . However, the present study suggests that this mechanism may be restricted to neutrophils and monocytes because of the presence of NADPH oxidase in these cells. The unresponsiveness of U937 cells to PMA is presumably because of the lack of a functional NADPH oxidase system (37), confirming our prior conclusion that the effect of PMA is mediated by this pathway (20) . Reduced or absent NADPH oxidase activity in lymphocytes and platelets would also explain their lack of response to PMA.
There were also considerable differences in the responses of different cells to glucose. Glucose was most effective in U937 cells, inhibiting H 2 O 2 -elicited 5-oxo-ETE production by 85%. It also inhibited the formation of 5-oxo-ETE by neutrophils and monocytes in response to H 2 O 2 and/or PMA by ϳ50%. In contrast, lymphocytes and platelets were resistant to the inhibitory effect of glucose under the conditions employed. Thus it would appear that the PPP plays a considerably more important role in limiting 5-oxo-ETE formation in neutrophils and monocytes compared with lymphocytes and platelets (Fig. 8B) .
The regulation of 5-oxo-ETE synthesis in neutrophils is clearly quite different from that in other types of blood cells. Whereas PMA is a potent stimulus of 5-oxo-ETE formation by these cells, H 2 O 2 and tBuOOH have only modest effects. The diminished response of neutrophils to H 2 O 2 could potentially be because of their high levels of myeloperoxidase, which is not present in mature monocytes, and catalase, which is much more active in neutrophils than monocytes (43) . However, this would not explain the lack of response to tBuOOH, which is not a substrate for catalase and is a poor substrate for myeloperoxidase (44) . Furthermore, neither the catalase inhibitor 3-amino-1,2,4-triazole nor azide, which inhibits both catalase and myeloperoxidase, enhanced the response of neutrophils to H 2 O 2 . It would seem more likely that the modest response of neutrophils to hydroperoxides is because of their relatively low GSH levels and glutathione peroxidase activity compared with monocytes (43) .
In conclusion, 5-oxo-ETE synthesis is strongly stimulated by oxidative stress in U937 monocytic cells, blood monocytes, lymphocytes, and platelets, and this effect is mediated by the GSH redox cycle (Fig. 8A) . The respiratory burst plays a significant, but less prominent role in monocytes, but is the major pathway involved in regulation of 5-oxo-ETE synthesis in neutrophils. Withdrawal of glucose also enhances 5-oxo-ETE synthesis in neutrophils and monocytes, but has little effect in lymphocytes and platelets. The regulation of 5-oxo-ETE synthesis by oxidative stress and glucose may be highly relevant in pathological situations accompanied by inflammation. Under such conditions, inflammatory cells are activated and release superoxide, which would be rapidly converted to H 2 O 2 by superoxide dismutases. Oxidative stress is associated with a number of conditions, including asthma (21), ischemia-reperfusion injury (45) , and atherosclerosis (46) , and this could lead to increased synthesis of 5-oxo-ETE, which could then act to induce the further infiltration of inflammatory cells, leading to prolongation of the inflammatory response. In agreement with this, a recent study reported elevated levels of both 5-oxo-ETE and markers of oxidative stress in lung tissue from patients with pulmonary hypertension, although the nature of this relationship was not investigated (47) . Glucose deprivation, as would occur in ischemia, could also promote the formation of 5-oxo-ETE because of a failure to maintain a high ratio of intracellular NADPH to NADP ϩ . Induction of 5-oxo-ETE synthesis by oxidative stress, low glucose, and the respiratory burst may thus be an important mechanism in sustaining the inflamma-tory reaction, making 5-HEDH and the 5-oxo-ETE receptor attractive targets for the development of novel anti-inflammatory drugs.
